Abstract Chromatin remodeling and activation of transcription are important aspects of gene regulation, but these often go awry in disease progression, including during colon cancer development. We investigated the status of global histone acetylation (by measuring H3, H4 acetylation of lysine residues, which also occur over large regions of chromatin including coding regions and non-promoter sequences) and expression of histone deacetylase 2 (HDAC2) in colorectal cancer (CRC) tissue microarrays using immunohistochemical staining. Specifically, HDAC2 and the acetylation of histones H4K12 and H3K18 were evaluated in 134 colonic adenomas, 55 moderate to well differentiated carcinomas, and 4 poorly differentiated carcinomas compared to matched normal tissue. In addition, the correlation between expression of these epigenetic biomarkers and various clinicopathological factors including, age, location, and stage of the disease were analyzed. HDAC2 nuclear expression was detected at high levels in 81.9%, 62.1%, and 53.1% of CRC, adenomas, and normal tissue, respectively (P = 0.002). The corresponding nuclear global expression levels in moderate to well differentiated tumors for H4K12 and H3K18 acetylation were increased while these levels were decreased in poorly differentiated tumors (P = 0.02). HDAC2 expression was correlated significantly with progression of adenoma to carcinoma (P = 0.002), with a discriminative power of 0.74, when comparing cancer and non-cancer cases. These results suggest HDAC2 expression is significantly associated with CRC progression.
Introduction
Colorectal carcinoma is the most common gastrointestinal malignancy. Overall mortality from colorectal cancer has declined since the 1980s. However, this decrease is primarily due to reduced mortality in Caucasians [1] [2] [3] . The death rate in African Americans over this period is relatively unchanged. Both genetic and environmental risk factors play an important role in this disease. The overwhelming majority of cases of colorectal cancer are classified as sporadic. However, there is likely some inherited component to sporadic colorectal cancers, since there is an increased risk of cancer in those with a family history of colorectal cancer. In addition, a family history of colorectal adenomas is also a risk factor for developing colon cancer. Studies over the last two decades have identified factors that may protect against colorectal cancer including environmental and socioeconomical factors, exercise, as well as a nutritional diet including fruits, vegetables (low meat and animal fat diet) and fiber.
While it is difficult to determine which of the above factors plays a major role in the observed differences between different ethnic groups, it is becoming clear that both genetic and epigenetic influences are important [4] [5] [6] . There is an increasing body of literature evaluating the impact of epigenetic changes on the development of several cancers, including colon cancer [7] . Studies have shown that many colon cancers have global DNA hypomethylation [7, 8] . Relatively few studies, however, have specifically attempted to address the overall impact of chromatin modification, including histone modification, for colorectal cancer risk.
Histone proteins, around which DNA is wrapped, can be chemically modified in several places by the addition of acetyl, methyl, or other groups. Histone acetylation and deacetylation are essential elements along with phosphorylation and methylation of an intricate ''histone code'' that regulates gene transcription [9, 10] . The reversible process of histone acetylation is controlled by two classes of enzyme, histone acetyltransferases (HAT) and histone deacetylases (HDAC), which catalyze the addition to and removal of acetyl groups on lysine residues in proteins. Hyperacetylation of histones has been associated with transcriptional activation of genes as chromatin becomes accessible to a number of transcription factors and coactivator complexes [11, 12] . Conversely, HDACs induce transcriptional repression by removing these acetyl groups, leading to chromatin condensation [13] . In addition to histones, both HATs and HDACs target non-histone protein substrates, such as transcription factors (e.g., p53) [14, 15] and structural proteins (e.g., a-tubulin) [16] . Deregulated HAT and HDAC activity plays a role in the development of a range of cancers, and inhibitors are being targeted in the clinic at different HDAC family members (i.e., class I, II, and III inhibitors) [17] .
Histone modification can effect the activation and repression of oncogenes and tumor suppressor genes. Studies have shown that H3K18 and H4K12 acetylation can be used as predictive biomarkers for cancer recurrence in the prostate [18] , and in non-small-cell lung cancer [19] . Alteration of histones (including hypo-and hyperacetylation) is related to promoter methylation of signature genes in cancer which can result in aberrant protein expression [8, 20, 21] . Histone modifications and environmental factors such as smoking, drinking, and obesity are important in colonic malignancy. Colorectal cancer is more advanced in African Americans at the time of diagnosis; however, colonic malignancy and precancerous lesions including adenoma could be detected earlier if diagnosed. Therefore, the acetylation status of genes can be potentially informative in the colonic malignancy process in patients. DNA methylation and histone deacetylation are associated with silencing of APC and DAP kinase gene expression in colorectal cancer (CRC) and gastric cancers [22] . To test the hypothesis that global levels of individual histone modifications and HDAC2 predict tumor outcome in colon cancer patients, we performed immunohistochemical analyses on tissue microarrays, which are specifically designed for high-throughput analysis.
Methods and Materials

Human Colonic Tissues
Archival formalin-fixed paraffin-embedded colonic biopsies were obtained from African American patients undergoing colonoscopy at Howard University Hospital. This study was approved by the Howard University Institutional Review Board (IRB), and the purpose of this study was explained to the patients before colonoscopy. Clinical data collected on each patient included race, gender, associated past medical history, medication use, and family history of adenoma and colonic cancer (Table 1) . Ninetysix percent of the tumors were moderate to well differentiated, and 4% were poorly differentiated. Patients were deemed eligible if colonoscopy resulted in a first diagnosis of adenoma or adenocarcinoma, confirmed by histopathology. From a review of the medical records, clinical information was collected and TNM status (TNM Classification of Malignant Tumours) was recorded based upon the American Joint Committee on Cancer (AJCC) staging system [23] . For survival data collection, we defined the vital status (dead or alive) for each of the 59 colon cancer cases in this study based on two different sources-the latest inpatient medical record of cases in Howard University Hospital and the Social Security Death Index 
Tissue Microarrays and Immunohistochemical Analysis
Tissue microarrays (TMAs) were constructed using a Beecher Instruments MTA-1 tissue arrayer. Each TMA contained tissue from normal, adenoma, and adenocarcinoma, based on a published protocol [24] . At a minimum, duplicate tumor samples were taken from donor tissue blocks. In total, 250 cases were analyzed for all three histone markers; 134 adenomas, 55 moderate to well differentiated carcinomas, and four poorly differentiated carcinomas along with matched adjacent normal tissues (57 samples) were available for control comparisons. A retrospective analysis for outcome assessment was based on detailed clinico-pathological information linked to the TMA specimens. TMA obtained from paraffin-embedded blocks was used for the immunohistochemistry experiments. Sections (5 lm) were mounted on charged glass slides, deparaffinized with xylene for 2 9 10 min and rehydrated using a graded ethanol series. Antigen retrieval was performed by placing the samples in a microwave oven for 12 min, with occasional interruption to avoid tissue degradation by excessive heat. The slides were then treated with hydrogen peroxide, followed by incubation with the primary and secondary antibodies, a streptavidinbiotin complex, an amplification reagent, streptavidinperoxidase, and substrate-chromogen solution using the Envision system according to the manufacturers' protocol (DAKO, Carpentaria, CA). The samples were then counterstained with hematoxylin, rinsed with ethanol, dried, and visualized by a light microscopy. Tissue samples to which no primary antibody had been added were used as negative controls. All immunohistochemistry reagents were purchased from DAKO and the antibodies (H3K18, and HDAC2 clone G168-15, 1/10 dilution and H4K12 clone 556349, 1/50 dilution) were purchased from Abcam (San Diego, CA). The slides were read by two pathologists (E.L and M.T.), and the percentage of the nuclear staining was recorded.
Statistical Analysis
Distribution for percentage of stained cells was studied by computing mean and standard deviation (SD). For continuous measures, we first tested the assumption of normal distribution. The analysis of variance (ANOVA) was then applied to test whether the percentage of stained cells differed between normal, adenoma, and cancer samples.
P values\0.05 were assumed statistically significant. Then we computed a new categorical variable based on a cut point of 25% of expression in H3K18 or H4K12 showing the level of expression in each of these two markers. This way we have two groups of cases with reasonable sample size. We used chi-square to assess the relationship between co-expression of these markers and pathology. We studied the discrimination power of HDAC2 expression by a receiver operative characteristics curve (ROC). The overall performance of each marker was computed by the area under curve (AUC). We used the Kaplan-Meier method to compute the survival function for all cases. Log-rank test was used to compare the survival function between different demographic variables and histone marker categories (B50% vs. [50% expression). SPSS15.0 software (Chicago, IL) was used for all statistical analysis.
Results
Global H3, H4 Acetylation and HDAC2 Expression in Progression of CRC
We determined the expression level of H3K18 and H4K12 in TMAs containing 134 adenomas, 55 moderate to well differentiated carcinomas, four poorly differentiated carcinomas, as well as 57 matched adjacent normal tissues. Liver, spleen, tonsil, and kidney tissues were also used as controls in the TMAs. The number of male patients in the adenoma and cancer groups were 57 (42.5%) and 33 (56.9%), respectively. In normal colonic biopsy specimens, we detected low expression for acetylated histones or HDAC2 in epithelial cells at the surface of colonic glands and at the glandular base (Fig. 1a , e, h, respectively). In marked contrast, positive nuclear staining of epithelial cells was observed in adenomas and carcinomas (moderate to well differentiated) for acetylated histones H3 (Fig. 1b, c) , H4 (Fig. 1e, f) , and HDAC2 (Fig. 1h, i) . After calculating the percentage of cells that were positively stained for AcH3, AcH4, and HDAC2, there was no significant difference between cancer, adenoma, and normal specimens with respect to H3K18 expression. For example, H3K18 acetylation was present in 91.3% of adenomas, 86.3% of adenocarcinomas (96% of the tumors were moderate to well differentiated), and 88.4% of adjacent normal cells (Table 2) ; therefore, H3K18 acetylation was not considered to be informative of tumor stage. On the other hand, global acetylation of H4K12 was highly significant; the percentage of staining was 43.6% in normal, 61% in adenoma and 71.5% in well to moderately differentiated carcinoma (P = 0.002 for the trend) but not in poorly differentiated. HDAC2 expression also was highly significant (P = 0.002), with corresponding numbers of 53.1%
(normal), 63.1% (adenoma), and 81.9% (carcinoma, well to moderately differentiated), respectively ( Table 2 , Fig. 2 ).
In addition, we studied the discriminating power of HDAC2 in distinguishing between cancer and non-cancer diagnosis by ROC, in which the sensitivity and specificity of HDAC2 expression was assessed (Fig. 3) . AUC for HDAC2 was 0.74. The additive effect between and among the three markers was also calculated. The correlation coefficient test (Table 3) showed that HDAC2 and H4K12 together may have a meaningful and significant effect in progression of colon cancer.
Acetylated H3, H4, and HDAC2 Expression, Differentiation, and Tumor Stage Among 59 CRC cases available for analysis, the number of subjects with stage I, II, III, and IV were 14 (24.5%), 20 (35.1%), 21 (36.8), and 2 (3.5%), respectively, with two missing. In general, there were no statistically significant differences for age, sex, anatomic location (Table 1) , H4K12, H3K18 acetylation, and HDAC2 expression with tumor stage (data not shown). Co-expression of H4K12 and HDAC2 was found in 80 and 86% of patients with stage II and III disease, respectively; however, this was not significant. The corresponding nuclear global expression levels in moderate to well differentiated tumors for H4K12 and H3K18 acetylation were increased while these levels were decreased in poorly differentiated tumors (P = 0.02).
H3K18, H4K12 Acetylation and HDAC2 Expression Lack Correlation with Survival
Survival curves were calculated using the Kaplan-Meier method. The follow-up was completed in 55 cancer cases (93%), and among them, 25 (46%) were deceased in a follow-up period from 3 days to 123.4 months. The median follow-up time was 27.7 months. The median survival (95% CI) for CRC cases was 61.2 (24.5-97.8) months. One year survival was 78%, 2 year 66%, 5 year was 52%, and 10 year survival was 17%. Higher age at diagnosis was a poor prognostic factor in our patients (Table 4) . We did not observe any significant difference in survival between the percentage nuclear staining of H3K18, H4K12, and HDAC2. The pattern of the survival in samples with alteration of H3, H4, and HDAC2 staining was similar (data not shown). In addition, the cut point of 50% staining for either H3 or H4 marker was not a good predictive marker for survival (Table 5 ).
Discussion
We investigated the association between pathological stage at diagnosis, acetylation of H3, H4 and expression of HDAC2, and whether or not the histone modification and chromatin changes in CRC during tumorigenesis including colon adenoma and cancer. We collected tissue from 59 colon carcinoma and 134 adenoma cases. The data presented here help us to understand the temporal development of colon cancer as a function of changes in global acetylation of H3 and H4, and expression of HDAC2. We have provided evidence that changes in bulk histone modifications of CRC cells are predictive of disease progression from adenoma to carcinoma. The mechanistic basis of such changes are currently unclear but may be related to the altered expression and/or global activities of various histone-modifying enzymes. The variability in the levels of any one modification was not sufficient for predicting outcome. However, in combination, these changes proved to be indicative of the tumor risk in patients with colon adenoma. Considering the substantial number of modifications on histones, it is possible that information on global patterns of other modification sites will help with the further classification of all patients. Hence, the utility of immunohistochemistry, combined with the availability of an extensive set of antibodies, provide such opportunity. We counted the number of stained cells vs. the staining intensity since the complete or partial loss of either H3 or H4 expression cannot reflect the expression status of H3, H4 or HDAC2. For example, when we counted the number of cells in a field of 100, this was highly representative of the expression compared to the general intensity of the signals [25] . The associations between the disease and the markers were identified by percent of the cell being positive for the markers compared to staining intensity analyzed by immunohistochemistry (IHC). The reproducibility and validation are much stronger for the value of the staining vs. the intensity, which is why we chose the percentage value to establish the correlation of expression with the progression of the colorectal cancer [25] . The exact mechanisms following histone modification in human cancers remains unclear. Several mechanisms have been proposed, including increasing enzymatic activity of DNA methyltransferase and imbalance between histone acetylation and deacetylation [26, 27] . Recent studies show that here is a close association between histone acetylation and DNA methylation of some tumor suppressor genes in gastrointestinal carcinogenesis [28, 29] . The association of acetylated histone with a methylated promoter region has been demonstrated in a number of tumor suppressor genes such as p21 (WAF1/ CIP1), hMLH1, p16INK4a, and p14ARF [30, 31] . Similarly, our results demonstrated a close association between HDAC2 and colorectal cancer progression. A recent study showed the frequent down-regulation of SIN3A as a potential tumor suppressor candidate gene with frequent loss of heterozygosity (LOH) and polymorphisms associated with up-regulation of HDAC activity in nonsmall cell lung cancers [32] . This is consistent with our results; however, we did not observe any correlation between the MSI and histone modification including HDAC2. There are four class of HDAC, of which class I and II are the most important since they are components of large transcriptional co-repressor complexes [33] . The inhibitor of class I and II HDACs, such as SAHA, inhibits the enzymatic activity for these two class, hence inducing growth arrest, differentiation, and apoptosis in cell lines derived from a range of malignancies including colon cancer [34] . Our study showed the discriminating power of HDAC2 in distinguishing between cancer and non-cancer Fig. 3 Receiver operating characteristic (ROC) plot of HDAC2 expression as a biomarker for cancer diagnosis. The discriminating power of HDAC2 in distinguishing between cancer and non-cancer diagnosis is presented graphically in an ROC curve, with the sensitivity and specificity of HDAC2 expression (HDAC2 antibody). AUC for HDAC2 was 0.74 diagnosis by ROC in which the sensitivity and specificity of HDAC2 expression was assessed and AUC for HDAC2 was 0.74 (Fig. 3) . Therefore, the role of the HDAC2 inhibitor is important in the treatment of CRC, which implies a physiological role for these proteins in the maintenance of colon cell proliferation and survival, and inhibition of cell differentiation. Functionally, HDACs regulate gene expression by at least two mechanisms. First, upon recruitment to DNA by sequence-specific transcription factors, they catalyze the deacetylation of specific lysine residues in DNA-bound core histone proteins. Lysine deacetylation of histones confers a positive charge on histone proteins, which among other effects, enhances their affinity for negatively charged DNA. A consequence of this alteration in nucleosome conformation is reduced accessibility of the transcriptional regulatory machinery to the DNA template, resulting in transcriptional alteration, and this is why we see the increase of both global acetylation and HDAC2 expression [35, 36] . The presence of many HDACs and the role of individual HDACs that target specific lysine residues within histone tails have not been extensively explored. However, preferential acetylation of H3K18 and H3K9 following knockdown of HDAC1 and HDAC3, respectively, has been reported in Hela cells, suggesting this may be a possibility [37] . Therefore it is important to check whether the other marker, such as H3K9 or H4K16, is over-expressed. We are planning to study this in the near future. The acetylation of H3 or H4 decreased in the poorly differentiated cancer cells while the net or global expression in moderate to well differentiated cancer cells increased. With the low number of poorly-and well-differentiated samples, we were unable to do meaningful analysis between groups. There was a moderate correlation between the HDAC2 plus H4K12 and the cancer. This connection between HDAC2 and H4K12 is complex, since multiple histone acetyl transferase exist. Therefore, the HAT activity is important to establish a better correlation between HDAC2 and H4 or H3 acetylation. The survival data show that there is no difference between outcome in stage I and stage IV disease and acetylation of H3, H4 and HDAC2 expression, and this may be the result of insufficient sample size.
ROC Curve
The exact manner in which histone modification affects promoter activation or repression (through methylation) needs further investigation, possibly by using selective HDAC inhibitors or agents that target methylation of colon cancer signature genes, such as APC [38] [39] [40] . In human colon cancer cells, inhibition of HDAC activity by dietary agents such as sulforaphane was accompanied by global increases in histone H3 and H4 acetylation [21] , coupled with localized histone hyperacetylation on the promoter of the p21 gene [21] . This may cause the changing balance between proliferation and apoptosis, and block colon tumor progression. One hallmark of human cancers is the loss of monoacetylation and trimethylation of histone H4 [41] . Selective agents are being sought that might target abnormal patterns of histone modification as a means of destroying cancer cells. The differentiation status of the cancer is important in regard to the chromatin modification, and hence, future studies will expand the current work using a wide-genome array-based technique to study histone modification and HDAC2 expression in colorectal adenoma and cancer with different levels of differentiation. The results to date are encouraging because they demonstrate that aberrant expression of HDAC2 frequently occurs in patients with colorectal cancer, providing potential biomarkers for use in future clinical trials.
